Introduction
============

Novel protein-coding genes can have two fundamental origins (reviewed in [@mss179-B65]; [@mss179-B4]; [@mss179-B119]; [@mss179-B9]; [@mss179-B53]; [@mss179-B102]). In the first, a gene originates by modification of an existing gene, for example, through gene duplication, exon shuffling, gene fusion, horizontal gene transfer, or transposition. In the second, a gene originates de novo. This mechanism was thought to be highly improbable ([@mss179-B78]; [@mss179-B51]), but recent studies have provided experimental evidence that it may be frequent. De novo origination can take place in a previously noncoding region, such as an intergenic region ([@mss179-B12]; [@mss179-B104]; [@mss179-B62]), or an intron ([@mss179-B99]). However, a gene can also originate de novo from an open reading frame that already encodes a protein, by a mechanism called "overprinting", in which mutations lead to the expression of a second reading frame overlapping the first one ([@mss179-B77]; [@mss179-B55]; [@mss179-B86]; [@mss179-B62]). Genome-scale computational analyses or experimental analyses of RNA transcripts have proposed many candidate genes originated de novo through these mechanisms ([@mss179-B60]; [@mss179-B7]; [@mss179-B120]; [@mss179-B56]; [@mss179-B17]; [@mss179-B112]; [@mss179-B114]).

Most studies in this area have focused on eukaryotes, which are not necessarily the best organisms to study de novo genes. First, the incidence of de novo gene origination may be relatively low in eukaryotes, ranging from 2 to 12% of all new gene origination events according to recent estimates ([@mss179-B120]; [@mss179-B103]; [@mss179-B22]). Second, direct experimental evidence for the expression of the proteins encoded by candidate de novo genes is not always available in eukaryotes---some might be artifacts of genome annotation ([@mss179-B109]). Third, most eukaryotic candidate genes are structurally and functionally poorly characterized. Finally, current protocols to identify genes created de novo from noncoding sequences in eukaryotic genomes focus on genes with similarity to genes already annotated in the genome sequence, whereas some de novo genes may not be currently annotated, even as hypothetical, which would preclude their discovery ([@mss179-B42]).

The identification of de novo genes in viruses does not suffer from these problems or to a much lesser extent. This holds especially for genes generated by overprinting. Overlapping genes are very common in viral genomes ([@mss179-B8]; [@mss179-B18]), providing an abundant source of such de novo genes. In addition, in most cases, the expression of their protein product has been proven, and their function is at least partly known ([@mss179-B86]). Finally, using overlapping genes allows the identification of proteins originated de novo with high reliability (see later), by avoiding the confounding factors that limit current approaches to identify proteins generated de novo from noncoding sequences ([@mss179-B42]). For brevity, we will refer here to de novo genes as genes that originated through overprinting.

Viral de novo genes often encode proteins that play a role in viral pathogenicity or spreading, rather than proteins central to viral replication or structure ([@mss179-B61]; [@mss179-B86]). The majority of these proteins are predicted to be structurally disordered, i.e., they lack a stable three-dimensional structure ([@mss179-B21]; [@mss179-B105]; [@mss179-B98]), but those that are ordered have intriguing structural features ([@mss179-B86]). For instance, the protein p19, originated de novo in the plant virus family *Tombusviridae* ([@mss179-B86]), has a previously unknown tertiary structure and a previously unknown mode of binding to small interfering RNAs ([@mss179-B108]). This suggests that de novo gene origination can lead to evolutionary innovations in protein structure and function ([@mss179-B86]; [@mss179-B9]; [@mss179-B53]; [@mss179-B1]).

A prerequisite to identify a de novo gene is that it must have a monophyletic distribution in one clade---the "focal" clade ([fig. 1](#mss179-F1){ref-type="fig"}*a*, taxa T1, T2, and T3)---while being absent from organisms outside this clade ([fig. 1](#mss179-F1){ref-type="fig"}*a*, taxa T4 and T5). We note that this prerequisite is necessary but not sufficient. Genes fulfilling it may have an ancient origin, older than the focal clade, but they might have diverged beyond recognition outside this clade ([@mss179-B23]). Alternatively, they may have entered the focal clade through horizontal gene transfer. These confounding factors can be easily excluded for genes that arose by overprinting ([fig. 1](#mss179-F1){ref-type="fig"}*b*, blue arrows) within a pre-existing "ancestral" reading frame (red arrows). Specifically, if the ancestral gene is present outside the focal clade (e.g., taxa T4 and T5 in [fig. 1](#mss179-F1){ref-type="fig"}*b*), one can exclude divergence beyond recognition and horizontal gene transfer, because in either case, the ancestral gene would not be present outside the focal clade.

![Monophyletic distribution of genes originated de novo. (*a*) A gene that originated de novo (blue arrows) will exhibit a monophyletic distribution among related taxa. However, this distribution could also be the result of divergence of the gene beyond recognition or of acquisition of the gene through horizontal gene transfer (HGT). (*b*) For a gene that originated de novo (blue arrows) by overprinting an ancestral reading frame (red arrows), these confounding factors can be excluded (see Introduction). Colors are displayed in the electronic version of the article.](mss179f1p){#mss179-F1}

Taking the above considerations into account, we ask the following questions about the evolutionary dynamics of de novo genes: Do de novo genes adapt to their genome, and if so, how rapidly? What is their rate of evolution? How do the de novo genes influence the genes that they overlap? Do de novo genes contribute to viral fitness? To answer these questions, we analyzed the evolution of 12 independent, experimentally validated de novo genes in RNA viruses. We estimated their relative age and compared their evolutionary dynamics to that of the ancestral gene from which they originated.

Results
=======

As described in Materials and Methods, we assembled a data set of 12 experimentally validated pairs of overlapping protein-coding genes ([table 1](#mss179-T1){ref-type="table"}), in which the ancestral and the de novo genes could be unambiguously identified from the phylogenetic distribution of their homologs. We predicted the structural and functional organization of their protein products ([fig. 2](#mss179-F2){ref-type="fig"}, discussed further later, see also Materials and Methods). All overlapping regions were longer than 220 nucleotides ([table 1](#mss179-T1){ref-type="table"}). Among the 12 de novo genes in our data set, nine genes overlap completely with their ancestral gene, whereas three overlap only partially: the *machlomovirus* p31 gene, the *omegatetravirus* p17 gene, and the *ilarvirus* 2 b gene ([fig. 2](#mss179-F2){ref-type="fig"}).

![Structural and functional organization of the overlapping genes we studied. Proteins encoded by overlapping genes are shown to scale. For each protein pair, the ancestral protein is shown on the bottom and the de novo protein on top. B1, base domain 1; cc, coiled coil; Le, Leader region; PA2, phospholipase A2 domain; RdRP, RNA-dependent RNA polymerase domain; tm, transmembrane segment; z, zinc-binding region.](mss179f2p){#mss179-F2}

###### 

Overlapping Genes in the Study.

  Clade   Genome Accession Number   Family               Genus                 Species                                  Taxonomic Distribution of the Overlap    Ancestral Frame           De Novo Frame                           Number of Sequences (or Sequence Pairs) in the Analyses (divergence, *dN*/*dS*, and CSI)   Length of the Overlapping Region (nt)
  ------- ------------------------- -------------------- --------------------- ---------------------------------------- ---------------------------------------- ------------------------- --------------------------------------- ------------------------------------------------------------------------------------------ ---------------------------------------
  1       NC_007358                 *Orthomyxoviridae*   *Influenzavirus A*    *Influenza A virus H5N1*                 Single species                           PB1                       PB1-F2                                  10, 9, and 5                                                                               273
  2       NC_001366                 *Picornaviridae*     *Cardiovirus*         *Theilovirus*                            3 species in same genus                  Polyprotein               Protein L\*                             3, 2, and 3                                                                                468
  3       NC_003045                 *Coronaviridae*      *Betacoronavirus*     *SARS coronavirus*                       2 genotype groups                        Nucleocapsid (N)          Protein I                               70, 33, and 11                                                                             624
  4       NC_005899                 *Tetraviridae*       *Omegatetravirus*     *Dendrolimus punctatus tetravirus*       Whole genus                              Capsid protein            p17                                     3, 1, and 3                                                                                382
  5       NC_004063                 *Tymoviridae*        *Tymovirus*           *Turnip yellow mosaic virus*             Whole genus                              Replicase                 ORF69 (movement protein)                120, 1, and 16                                                                             1,880
  6       NC_004366                 *---*                *Umbravirus*          *Tobacco bushy top virus*                Whole genus                              ORF3 (movement protein)   ORF3 (long distance movement protein)   10, 0, and 5                                                                               698
  7       NC_003809                 *Bromoviridae*       *Ilarvirus*           *Spinach latent virus*                   Whole genus                              Polymerase                Protein 2 b                             15, 6, and 6                                                                               308
  8       NC_003627                 *Tombusviridae*      *Machlomovirus*       *Maize chlorotic mottle virus*           Whole genus (contains a single species   Coat protein              p31                                     3, 0, and 3                                                                                451
  9       NC_009025                 *Dicistroviridae*    *Aparavirus*          *Israel acute paralysis virus of bees*   Whole genus                              Structural polyprotein    Pog                                     6, 3, and 4                                                                                312
  10      NC_001498                 *Paramyxoviridae*    *Morbillivirus*       *Measles virus*                          2 genera in same family                  Phosphoprotein (P)        Protein C                               10, 1, and 5                                                                               561
  11      NC_003977                 *Hepadnaviridae*     *Orthohepadnavirus*   *Hepatitis B virus*                      Whole family (contains 2 genera)         Polymerase (P)            Large envelope protein (L)              28, 13, and 8                                                                              834
  12      NC_003448                 *Nodaviridae*        *Betanodavirus*       *Striped Jack nervous necrosis virus*    Whole genus                              Protein A                 Protein B                               10, 9, and 6                                                                               228

Three Quantifiers Are Useful to Describe the Evolutionary Dynamics of Overlapping Genes
---------------------------------------------------------------------------------------

We investigated three properties of the ancestral and de novo genes, and the proteins they encode (see Materials and Methods). The first property is the relative sequence divergence, a proxy for the rate at which a protein changes its sequence. Relative divergence values above 1 indicate that a coding region evolves faster than a reference sequence, in our case the full length sequence of the ancestral gene of the pair considered.

The second property is the selective constraint (*dN/dS*), which estimates the strength of purifying selection on a gene by its ratio of nonsynonymous to synonymous nucleotide substitutions. Values of *dN/dS* below 1 are evidence of purifying selection whose strength increases with decreasing *dN/dS*. In principle, values of *dN/dS* exceeding 1 might suggest that a gene evolves under positive selection ([@mss179-B73]). However, the method we used to calculate *dN/dS* ([@mss179-B92]) does not test statistically for positive selection, which is often limited to few sites within the gene ([@mss179-B75]; [@mss179-B117]). Therefore, values of *dN/dS* above 1 should be taken to indicate either neutral evolution or positive selection.

The third and final property is the Codon Similarity Index (CSI), which measures the similarity between the codon usage of a gene and that of the rest of the genome containing it. CSI is based on the same calculations as the Codon Adaptation Index (CAI), a commonly used measure of codon usage bias ([@mss179-B97]) but uses the rest of the genome as a reference set instead of a data set of highly expressed genes (see Materials and Methods).

We first compared these three properties for all ancestral/de novo gene pairs. [Table 2](#mss179-T2){ref-type="table"} summarizes the results of this comparison. Overall, de novo genes evolve significantly faster (paired two-sided Wilcoxon signed rank test*,P* \< 7.1 × 10^−34^), are under stronger selective constraint (*P* \< 2.9 × 10^−4^), and exhibit lower CSI values (*P* \< 5.4 × 10^−5^) than ancestral genes. The magnitude of the difference between the mean CSI of ancestral genes (0.66) and that of de novo genes (0.62) is low (6%), whereas the difference between the mean relative divergence of the ancestral and de novo genes is high (43%), as is the difference between the selection intensity of ancestral and de novo genes (47%).

###### 

Mean Values of Three Evolutionary Properties for Ancestral and De Novo Genes.

                        Ancestral[^a^](#mss179-TF1){ref-type="table-fn"}   De Novo[^a^](#mss179-TF1){ref-type="table-fn"}   *P*
  --------------------- -------------------------------------------------- ------------------------------------------------ ---------------
  CSI                   0.66 (0.09)                                        0.62 (0.11)                                      5.4 × 10^−5^
  Relative divergence   1.06 (0.52)                                        1.85 (1.20)                                      7.1 × 10^−34^
  Selection intensity   0.40 (0.40)                                        0.75 (0.55)                                      2.9 × 10^−4^

^a^Numbers in parentheses are standard deviations.

We asked how these properties depend on the time since a de novo gene originated. To this end, we estimated this time by using the sequence divergence of the RNA-dependent RNA polymerase domain of each genome (see Materials and Methods). We then plotted the three properties against this estimated age in [figures 3](#mss179-F3){ref-type="fig"} and [4](#mss179-F4){ref-type="fig"}. The horizontal axis of [figures 3](#mss179-F3){ref-type="fig"} and [4](#mss179-F4){ref-type="fig"} corresponds to the origination time of de novo genes (labeled by viral genus), with the most recently originated de novo genes shown to the left. The vertical axis shows the relative divergence ([fig. 3](#mss179-F3){ref-type="fig"}*a*), selective constraint ([fig. 3](#mss179-F3){ref-type="fig"}*b*), and CSI ([fig. 4](#mss179-F4){ref-type="fig"}). Note that the relative divergence and the selective constraints are calculated for pairs of homologous genes, whereas the CSI is calculated for single genes (see Materials and Methods). Thus, dots in [figure 3](#mss179-F3){ref-type="fig"}*a* and *b* correspond to values obtained for pairs, whereas dots in [figure 4](#mss179-F4){ref-type="fig"} correspond to values for single genes. Regression lines for ancestral genes (red) and de novo genes (blue) indicate general trends. We used analysis of covariance (ANCOVA) to test whether the slopes of the two regression lines in each panel were different.

![Evolutionary dynamics of ancestral (red) and de novo genes (blue). The vertical axes show (*a*) relative divergence and (*b*) selective constraint (*dN/dS*) for the 12 taxa. The horizontal axis represents the evolutionary distance from the origin of each de novo gene (i.e., the estimated age of genes within the clade). Regression lines are plotted for visualization of general trends. Low *dN/dS* values represent strong selective constraints (see text). Note that *dN/dS* in (*b*) could only be calculated for gene pairs that have less than 50% amino acid divergence at the amino acid level (see Materials and Methods). No selective constraint data could be calculated for cases 6 and 8 (bottom panel) as the sequence pairs in these clades have all diverged beyond 50%. Where neighboring groups had similar ages, we shifted their position slightly for visual clarity (groups 5 and 6).](mss179f3p){#mss179-F3}

![Codon Similarity Index (CSI) of ancestral (red) and de novo genes (blue). The horizontal axis represents the evolutionary distance from the origin of each de novo gene (as in [fig. 3](#mss179-F3){ref-type="fig"}). Regression lines are plotted for visualization of general trends. High CSI values indicate high similarity between the codon usage of a gene and the codon usage of the rest of a genome. Colors are displayed in the electronic version of the paper.](mss179f4p){#mss179-F4}

Below, we first examine these three properties separately, before considering them together and synthesizing our observations.

Relative Divergence
-------------------

[Figure 3](#mss179-F3){ref-type="fig"} *a* presents for each overlap the relative sequence divergence for the pairs of ancestral proteins (red) and the pairs of de novo proteins (blue). The regression line of the ancestors (red) is nearly horizontal (although the regression coefficient is significantly different from zero, *P* \< 0.0012) and equal to one, suggesting that on average the overlapping regions of the ancestral proteins evolve at a similar rate as the full-length ancestral proteins. In contrast, de novo proteins (blue) show a higher relative divergence than their ancestral overlapping proteins. Accordingly, the slopes of the two regression lines are significantly different (*P* \< 3.2 × 10^−25^). The range of values of the relative divergences between pairs of ancestral proteins is generally narrow or moderate. For instance, the relative divergences of the de novo gene of *tymovirus* (taxon 11), which encodes the movement protein, range between 1.2 and 2.8 and thus vary by less than a factor three. Three notable exceptions are the youngest de novo proteins of taxa 1 and 3 (respectively, *influenzavirus A* PB1-F2 and *betacoronavirus* protein I), which exhibit a considerable range of divergences (from 0 up to 10.4).

Selective Constraint
--------------------

[Figure 3](#mss179-F3){ref-type="fig"} *b* presents the selective constraint (*dN/dS*) for the ancestral and de novo genes in each group of viruses we studied. The ancestral and de novo genes are subject to very different constraints, as attested by the significant difference (*P* \< 4.9 × 10^−13^) between the slopes of their respective regression lines, and the fact that the ancestral regression line has a positive slope, whereas the de novo regression line has a negative slope. The low values of *dN/dS* \< 1 below for most genes indicate that they are under strong selective constraints (purifying selection), i.e., mutations that change the protein sequence are likely to be selected against. In several viruses, the values of *dN/dS* for the ancestral genes are particularly low, suggesting an extreme functional or structural constraint. For example, the ratio *dN/dS* of the ancestral gene in viruses 1, 4, and 5 is below 0.05. In contrast, in some cases, either the de novo gene (the *influenzavirus* A PB1-F2, the *betacoronavirus* protein I, and the *tymovirus* movement protein, respectively, from groups 1, 3, and 5) or the ancestral gene (the *ilavirus* polymerase and the *betanodavirus* protein A, from groups 7 and 12, respectively) exhibits *dN/dS* ≥ 1, which indicates neutral evolution or positive selection. As explained at the beginning of the Results section, the test we employ cannot distinguish between them. For all groups, the trends in relative divergence ([fig. 3](#mss179-F3){ref-type="fig"}*a*) and selective constraints ([fig. 3](#mss179-F3){ref-type="fig"}*b*) were consistent with one another. For example, the de novo proteins of *cardioviruses* are more highly diverged than the ancestral proteins and they also show a lower selective constraint.

Codon Similarity Index
----------------------

[Figure 4](#mss179-F4){ref-type="fig"} presents the CSI values of ancestral and de novo genes. The slopes of the two regression lines show a significant difference (*P* \< 0.032). The slope of the ancestral regression line is not significantly different from zero (*P* \> 0.96), whereas the de novo regression line has a positive slope (*P* \< 0.003). Relative to their ancestral overlapping genes, most de novo genes show lower CSI values, although the ranges of CSI values in de novo and ancestral genes overlap markedly in most groups. An exception is *omegatetraviruses* (taxon 4), in which the CSI values of the de novo p17 genes are all higher than the CSI values of the ancestral capsid genes. The CSI values for homologous genes can take a wide range of values. For instance, the CSI of the *betacoronavirus* I gene varies from 0.27 to 0.67. Overall, the data suggest that the codon usage of de novo genes becomes slowly assimilated into that of the host genome.

De Novo Genes Have Different Properties Depending on Their Age of Origin
------------------------------------------------------------------------

Overall, we found that the differences between ancestral and de novo genes appears to decrease with time. Taxa 1--5, with the shortest distance from the origin---corresponding to the youngest de novo genes---all exhibit a similar pattern ([fig. 3](#mss179-F3){ref-type="fig"}): the de novo genes show higher relative divergence with respect to their ancestral overlapping genes and weaker selective constraint.

The pattern that contrasts most with that of taxa 1--5 occurs in taxa 7 and 12 (*Ilarvirus* and *Betanodavirus,* respectively), where the de novo genes have a more ancient origin. Here, the de novo genes evolve more slowly and exhibit stronger purifying selection relative to their ancestral overlapping genes ([fig. 3](#mss179-F3){ref-type="fig"}). In other words, here mutations that change the sequence of the de novo proteins are more deleterious, on average, than mutations that change the sequence of the overlapping ancestral proteins.

Overall, our observations suggest that older de novo genes are more adapted to their genome and evolve under stronger purifying selection. This inference is supported by experimental data on the fitness effects of mutations in de novo genes of different ages ([table 3](#mss179-T3){ref-type="table"}). Mutations in the youngest de novo genes (taxa 1--3) have little to moderate effect, whereas suppression of older de novo genes (taxa 6 and 10--12) has severe effects.

###### 

Evidence of Expression, Function, and Fitness Effect of the De Novo Genes in the Study.

  Group   Genus                 Evidence for Expression           Function(s)                                                                                                                                                                           Fitness Effect When the Novel Gene Is Suppressed   Description of Effect and References
  ------- --------------------- --------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------
  1       *Influenzavirus A*    [@mss179-B15]                     Virulence factor ([@mss179-B116]). Involved in regulation of polymerase activity ([@mss179-B66]). Function seems strain-specific and host-specific and is disputed ([@mss179-B57]).   Little or no effect                                Suppression of PB1-F2 neither affected viral replication nor virus loads in the lungs of mice ([@mss179-B67]).
  2       *Cardiovirus*         [@mss179-B107]                    Involved in the establishment of permanent infections of the central nervous system ([@mss179-B16]); antiapoptotic effect in cell culture ([@mss179-B40]).                            Moderate effect                                    Suppression of L\* decreases the ability of Theiler's virus to induce a chronic infection of the central nervous system ([@mss179-B100]).
  3       *Betacoronavirus*     [@mss179-B96] and [@mss179-B14]   Unknown                                                                                                                                                                               Little or no effect                                Suppression of Protein I expression lead only to a reduced plaque size, suggesting a minor effect on fitness ([@mss179-B37]).
  4       *Omegatetravirus*     [@mss179-B44]                     Unknown                                                                                                                                                                               Unknown                                            Unknown
  5       *Tymovirus*           [@mss179-B111]                    Viral movement through the plant ([@mss179-B10]).                                                                                                                                     Severe effect                                      A knock-out mutant of the movement protein replicates only at low levels in protoplasts ([@mss179-B111]).
  6       *Umbravirus*          [@mss179-B89]                     Long-distance (systemic) movement in plants ([@mss179-B90]); stabilizes viral genomic RNA.                                                                                            Severe effect                                      Long-distance movement is abolished in the absence of ORF4 plants ([@mss179-B90])
  7       *Ilarvirus*           [@mss179-B113]                    Unknown                                                                                                                                                                               Unknown                                            Unknown
  8       *Machlomovirus*       [@mss179-B95]                     Unknown                                                                                                                                                                               Unknown                                            Unknown
  9       *Aparavirus*                                            Unknown                                                                                                                                                                               Unknown                                            Unknown
  10      *Morbillivirus*       [@mss179-B110]                    Virulence factor ([@mss179-B80]).                                                                                                                                                     Severe effect                                      Suppression of C results in much milder symptoms and lower mortality in mice ([@mss179-B80]).
  11      *Orthohepadnavirus*   [@mss179-B84]                     Viral envelope glycoprotein ([@mss179-B6]).                                                                                                                                           Severe effect                                      Deletions within the S domain of the envelope protein drastically reduce infectivity ([@mss179-B58]).
  12      *Betanodavirus*       [@mss179-B50]                     Blocks RNA interference ([@mss179-B25]).                                                                                                                                              Severe effect                                      Suppression of B2 causes a severe impairment in the intracellular accumulation of viral RNA in cell culture ([@mss179-B25]).

Discussion
==========

Several previous studies have examined the codon usage of individual or small groups of overlapping genes ([@mss179-B68]; [@mss179-B55]; [@mss179-B83]; [@mss179-B70]; [@mss179-B59]), their rates of evolution ([@mss179-B71]; [@mss179-B94]; [@mss179-B52]; [@mss179-B38]; [@mss179-B74]; [@mss179-B69]; [@mss179-B46]), and selective constraints ([@mss179-B38]; [@mss179-B49]; [@mss179-B43]; [@mss179-B63]; [@mss179-B48]; [@mss179-B72]; [@mss179-B13]; [@mss179-B47]; [@mss179-B69]; [@mss179-B76]; [@mss179-B81]; [@mss179-B101]; [@mss179-B82]; [@mss179-B115]). Overall, our observations agree with those of previous studies---ancestral and de novo genes differ in these properties. Nevertheless, we were able to improve on these studies in several ways. First, by examining the phylogenetic distribution of overlapping gene pairs, we were able to identify reliably (see later) which of the two genes is ancestral and which one is the de novo gene. Second, our new method allowed us to estimate the relative age of origin of de novo genes and to correlate this age with several quantifiers of their evolutionary dynamics. Thus, it allowed us to analyze how the evolutionary forces affecting de novo genes change over time. Third, we used a larger data set than most studies mentioned earlier, which were carried out on individual genes. Fourth, we used a method specifically tailored to overlapping genes ([@mss179-B92]) to study the selective constraints these genes are subjected to. Other methods can give misleading results when applied to overlapping genes ([@mss179-B47]; [@mss179-B101]; [@mss179-B82]; [@mss179-B92]).

De Novo Genes Adapt to Their Genomes
------------------------------------

Our results suggest that de novo genes do adapt to their genome. More specifically, de novo genes evolve very rapidly shortly after their origin. As they age, they tend to experience increasingly severe selective constraints, and their codon usage tends to approach that of the ancestral gene from which they originate.

Our results are consistent with population genetics theory ([@mss179-B45]). Viruses have large population sizes. At such large sizes, natural selection is highly efficient, which has two consequences regarding de novo genes. First, they are likely to become fixed in a population only if they provide some selective advantage. Second, even though a de novo gene might initially only provide a very small fitness benefit, in a large population this fitness benefit can be sufficient to cause the gene's fixation. Immediately after its origin, the sequence of a de novo gene will typically be far from optimal for the (rudimentary) function it provides, unlike a gene originated through modification of an existing gene. Consequently, one would expect a de novo gene to evolve rapidly shortly after its origin and to become better adapted as it ages, resulting in increased selective constraints and a decreased rate of sequence change.

Our results also suggest that in general, the ancestral genes are more constrained in sequence than the de novo genes which overlap them. However, this pattern can be reversed in old de novo genes. In particular, three de novo genes of our data set, which encode the *Ilarvirus* 2 b protein, the *morbillivirus* C protein, and *betanodavirus* B protein (taxa 7, 10 and 12), are subject to stronger selective constraints than their ancestral genes ([fig. 3](#mss179-F3){ref-type="fig"}*b*). We speculate that this reversal could reflect an evolutionary "tug of war" between the two genes over the dominance of the sequence. An ultimate "victory" of a de novo gene in this tug of war would consist in the disappearance of the ancestral gene. We speculate that some viral genes that do not overlap any other gene today may have originated through overprinting but have eventually lost the overlap. A similar scenario has been proposed for an overlapping region of two protein-coding genes within the genome of archaeal *Thermoplasma* ([@mss179-B87]). These overlapping genes are nonoverlapping in other related genomes, possibly because of duplication and consequent loss ([@mss179-B87]).

Our Evolutionary Inferences Are Robust and Biologically Coherent
----------------------------------------------------------------

For most overlapping gene pairs in our data set, the identification of the de novo gene is highly reliable, as the ancestral gene has a much wider phylogenetic distribution than the de novo gene. For instance, the de novo movement protein of *Tymoviruses* (taxon 5) has homologs only in this genus, whereas its ancestor, the methyltransferase-guanylyltransferase has homologs in over a dozen families ([@mss179-B88]).

One important caveat of our analysis is that we are unable to estimate the absolute age of de novo genes but only their age relative to the divergence of a viral housekeeping gene that encodes the RNA-dependent RNA polymerase. Our relative age estimates of de novo genes, however, are broadly consistent with their taxonomic distribution ([table 1](#mss179-T1){ref-type="table"}, column 6): as expected, young de novo genes show a more restricted distribution than older de novo genes. The youngest genes (groups 1--3 in [fig. 3](#mss179-F3){ref-type="fig"}) are found in less than one genus, with gene 1 occurring only in a single species (these observations are not due to sequencing bias, as each taxon considered contains several species or genera). Conversely, all oldest de novo genes (6--12) are found at least throughout a whole genus (in two genera for cases 10 and 11).

A case where gene age may have been overestimated is that of taxon 3 (*betacoronavirus* I gene). Our analysis suggested that the I and ORF9b genes have a common origin (see [supplementary information](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online, case 3) despite their different lengths (98aa and 207aa, respectively) and lack of significant sequence similarity (not shown). This inference is based on assuming functionality for the unannotated ORFs in five closely related genomes ([supplementary fig. S4](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Consequently, we calculated the age of the I gene by considering the node common to I and ORF9b (marked with blue line, [supplementary fig. S5](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online, group 3). In the alternative scenario where these two genes have independent origins, their estimated age would be reduced. Nevertheless, the overall pattern of the results would remain unchanged (not shown). Another caveat to our study is that RNA secondary structure, and selection pressure for high protein expression level may be partly responsible for the differences we observed in codon usage ([@mss179-B85]).

Finally, the estimated rate of evolution of most ancestral and de novo proteins ([fig. 3](#mss179-F3){ref-type="fig"}) is generally coherent with their function or effect on viral fitness ([table 3](#mss179-T3){ref-type="table"}). For instance, the ancestral methyltransferase-guanyltransferase of *tymoviruses* experiences severe constraints, as expected from an enzyme, whereas the de novo protein I of *betacoronaviruses*, which is dispensable for replication, experiences low or no constraints. We note two exceptions: first, the *orthohepadnavirus* replicase gene, encoding an essential reverse transcriptase function, is not subject to very strong selective constraint (e.g., *dN/dS* between 0.28 and 0.78, taxon 11 in [fig. 3](#mss179-F3){ref-type="fig"}*b*). However, this discrepancy is readily explained. The overlapping region of the replicase gene in fact encodes two domains ([fig. 1](#mss179-F1){ref-type="fig"}): a disordered, hypervariable linker and the reverse transcriptase domain. The relaxed selective constraint is the result of a high *dN/dS* for the linker (average of 0.94) and a very low *dN/dS* for the reverse transcriptase domain (average of 0.15). Second, the *tymovirus* movement protein gene has a *dN/dS* of 1, suggesting an absence of selective pressure, despite encoding an important function that allows the spread of viral RNA between cells. Again, this discrepancy can be attributed to the fact that the movement protein consists of a slowly evolving region (around aa 1--400) and a fast-evolving region (C-terminal 200aa) (results not shown).

Young De Novo Genes Might Have Strain-Specific Functions and Be Difficult to Detect by Sequence Analysis
--------------------------------------------------------------------------------------------------------

Our results have two practical implications. First, they suggest that recently evolved genes might have strain-specific functions, or possibly no function, as suggested previously ([@mss179-B106]) for PB1-F2 (taxon 1), the youngest de novo genes in our data set. Experimental studies should thus take this possibility into account. Our current method to estimate *dN/dS* does not tell us whether the elevated *dN/dS* values observed in some young de novo genes indicate neutral evolution or positive selection. However, it is possible that they come not only from neutral mutations but also from beneficial mutations subject to positive selection, which would reflect evolutionary adaptations.

Second, our results have implications for the identification of overlapping genes. Current bioinformatics methods to detect overlapping genes use the signature of purifying selection ([@mss179-B35], [@mss179-B36]; [@mss179-B93]; [@mss179-B91]). These recently developed methods have had great success and lead to discoveries in many viral taxa ([@mss179-B19]; [@mss179-B27]; [@mss179-B27], [@mss179-B28]; [@mss179-B93]; [@mss179-B30], [@mss179-B31], [@mss179-B32]; [@mss179-B33], [@mss179-B34]). However, the signature of purifying selection is mostly absent in young de novo genes. Thus, the number of young de novo genes may be much larger than it appears, because these methods can simply not detect many such genes.

Conclusion and Perspectives
---------------------------

In closing, we point to several directions for future research. Approaches to estimate selection pressures in overlapping genes (e.g., [@mss179-B92]) lag behind those for nonoverlapping genes (reviewed in [@mss179-B3]), which can detect lineage-specific and site-specific selection pressures. The development of advanced methods could, for instance, reveal the role of positive selection in de novo gene origination and perhaps predict interactions between proteins encoded by overlapping genes, such as the *Rz* and *Rz1* genes of bacteriophage lambda ([@mss179-B118]). Finally, further research is needed to shed light on how exactly de novo overlapping genes originate and become established, i.e., the mutational events that result in their expression, their frequency, and their effects on viral fitness.

Materials and Methods
=====================

Sequence Analyses
-----------------

We extracted all fully sequenced viral genomes from the NCBI viral genome database ([@mss179-B5]) in June 2011 and identified all viral proteins annotated in these genomes. All homology searches were carried out against a database of these proteins, using PSI-basic local alignment search tool (BLAST) ([@mss179-B2]) with an *E* value cutoff of 10^−6^. We performed all multiple sequence alignments using MAFFT ([@mss179-B54]) and constructed phylogenetic trees with the BIONG method ([@mss179-B39]). We rooted these trees with the mid-point rooting method ([@mss179-B24]). We predicted the domain organization of proteins encoded by overlapping genes using ANNIE ([@mss179-B79]).

Collection of Viral Overlapping Genes
-------------------------------------

We identified from the literature a set of 40 overlapping gene pairs for which the expression of a protein product from two reading frames had been experimentally verified. All gene pairs in this data set come from viruses that infect eukaryotes. Among these gene pairs, we selected 29 pairs coming from viruses whose genome encodes an RNA-dependent RNA polymerase (RdRP), to facilitate comparison among clades (see later). We further narrowed the data set to overlapping gene pairs in which we could identify which gene had originated de novo (see procedure described later). In total, we obtained 12 gene pairs that correspond to 12 cases of de novo origin, stemming from 12 families of RNA viruses that met these criteria. The data set shares some genes with a previously published data set (4 cases out of 12: groups 4, 6, 8, and 11 below) ([@mss179-B86]). The reason why we could include only a minority of the genes published in the Rancurel data set (4 out of 17) is that we restricted ourselves to considering pairs in which both ancestral and de novo proteins had less than 50% amino acid divergence (percentage of identity). [Table 1](#mss179-T1){ref-type="table"} lists, for each gene pair, the species taxonomy, the genome accession number, the names of the overlapping genes, and their lengths. In the rest of the article, we will refer to each case either by its genus or by the number of its clade, as listed in [table 1](#mss179-T1){ref-type="table"}. [Table 3](#mss179-T3){ref-type="table"} lists bibliographical evidence about the expression, function, and fitness effect of mutations in the de novo gene.

Identifying De Novo and Ancestral Genes
---------------------------------------

To identify de novo gene candidates, we applied the criterion of monophyly stated in the introduction: one of the genes in an overlapping pair---the ancestral gene---must occur in each member of a viral clade, whereas the other gene---the de novo gene---must be restricted to a single subclade, the focal clade ([fig. 1](#mss179-F1){ref-type="fig"}*b*). To find genes that meet this criterion, we first identified, for each gene pair, homologous protein products in related genomes. (We found no evidence of duplicated genes in the genomes under study, hence all our homologs are orthologs.) We aligned the homologous protein sequences of the ancestral protein (which is more phylogenetically widespread) and constructed their phylogenetic tree. By manual examination of these trees, we identified 12 cases of de novo origin ([tables 1](#mss179-T1){ref-type="table"} and [3](#mss179-T3){ref-type="table"}) that met the criterion of monophyly. We scanned the related genomes of the focal clade for unannotated ORFs to overcome missing genes due to fault annotation. These trees also allowed us to infer the internal node of a tree closest to the origin of the de novo gene. We call this node the last common ancestor (LCA, marked with a blue circle in the hypothetical example of [fig. 1](#mss179-F1){ref-type="fig"}*b*). To ensure that the identification of the LCA is not biased by genome annotation, we manually examined the related genomes for presence of homologous unannotated ORFs. We provide detailed explanations of the challenges in de novo gene and LCA identification in the [supplementary information](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online ([supplementary figs. S1--S4](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The phylogenetic tree and the corresponding genomic maps of the 12 cases are presented in [supplementary figure S5](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online. For all gene pairs that met the monophyly criterion, we also determined the DNA sequence alignments corresponding to the amino acid sequence alignments (of the ancestral proteins), to enable the calculations described later.

Estimation of the Relative Age of Origin of the De Novo Genes
-------------------------------------------------------------

To understand the evolutionary dynamics of de novo genes, one needs to estimate their age of origin and to compare this age among different clades. This estimation is made difficult by differences in mutation rate, population dynamics, and selection pressures among different viral genomes and genes ([@mss179-B20]). To alleviate these difficulties, we calibrated our estimates with a reference molecule, the RdRP protein domain, which is common to all clades in the study ([@mss179-B11]). The RdRP domain has a common origin and similar tertiary structure in the clades we study ([@mss179-B11]), and thus we assume that as a first approximation it is subject to similar functional and structural constraints. In each genome listed in table 1, we identified the RdRP domain by using HHpred (Soding et al. 2005) against the PFAM database ([@mss179-B26]) with an *E*-value cutoff of 10^−10^. We identified the orthologous RdRP domains within the other genomes of each clade using PSI-BLAST, aligned them, and constructed their phylogenetic trees. [Supplementary figure S6](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online, presents these "RdRP trees."

We defined the focal clade of the RdRP tree as the smallest clade that contains all the taxa found within the focal clade of the phylogenetic tree of the overlapping genes. The LCA for the RdRP tree was defined as earlier. We compared the focal clades in the RdRP tree and the tree of overlapping genes and found that in 9 of 12 cases the focal clades were identical, whereas in three cases (2, 5, and 12, within the genera *Cardiovirus*, *Tymovirus*, and *Betanodavirus*, respectively), we found minor differences ([supplementary fig. S6](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Overall, this comparison suggested that the RdRP genes and the overlapping gene pairs have similar evolutionary histories. On the basis of the RdRP tree, we thus estimated as a proxy for the age of a de novo gene the sequence divergence of the RdRP domain in each focal clade since the origin of the de novo gene, i.e., its accumulated genetic distance *D* along the tree branches since the LCA. To estimate *D*, we generated 100 bootstrap RdRP trees. For each tree *i* (1 ≤ *i≤*100), we calculated *D~i~,* the average length of the phylogenetic tree branches between the LCA and each extant genome that contains the de novo gene. For the example in [figure 1](#mss179-F1){ref-type="fig"}*b*, *D~i~* would calculate as \[d(LCA, T1) + d(LCA, T2) + d(LCA, T3)\]/3, where d(LCA, T1) = b1 + b2, d(LCA, T2) = b3 + b2, and d(LCA, T3) = b4, and b1, b2, b3, and b4 are the branch lengths shown in the figure. Finally, we estimate *D* as the average over all the bootstrap trees, . We estimated all branch lengths by the BIONG method ([@mss179-B39]). In [supplementary figure S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online, we present *D* and the standard deviation within each group. For convenience, we ordered the clades in table 1 according to increasing *D*.

Analysis of the Evolutionary Properties of Overlapping Genes
------------------------------------------------------------

For each of our 12 overlapping gene pairs ([table 1](#mss179-T1){ref-type="table"}), we collected the full sequences of the ancestral and the de novo genes, the sequence of the region of the genome where they overlapped, and the sequences of other genes annotated in the genome in which they occur. We also collected this information for homologous overlapping genes in related genomes within the focal clade (see earlier). As all subsequent analyses are carried on sequences within the focal clade, which is defined by the distribution of the de novo protein rather than the ancestral protein, it is independent of the BLAST cutoff. We used these data to study the following three properties of ancestral and de novo genes:

1.  The "relative sequence divergence" between pairs of homologous proteins that the genes encode. We define the sequence divergence between two proteins as the proportion of amino acids in which they differ and the "relative" sequence divergence between two protein regions as their sequence divergence normalized (divided) by the sequence divergence of the corresponding ancestral proteins over their entire length. Consider, as a hypothetical example, the protein products of the overlapping genes in taxa T1 and T2 in [figure 1](#mss179-F1){ref-type="fig"}*b*. The relative divergence between the ancestral proteins (red) of taxa T1 and T2 is the divergence between the protein region encoded by the part of the red gene that overlaps with the blue gene in taxa T1 and T2, divided by the divergence between the full-length red proteins of taxa T1 and T2. Analogously, the relative divergence between the de novo proteins of taxa T1--T2 is the divergence between the protein region of the blue gene that overlaps with the red gene in T1 and T2 (in this case the whole blue protein), again divided by the divergence between the full-length red proteins of taxa T1 and T2. The reason why we chose to normalize divergence in this way is to allow comparison between pairs of species that have diverged at different times (e.g., species T1--T2 diverged more recently than T1--T3 in [fig. 1](#mss179-F1){ref-type="fig"}*b*). We calculated the relative sequence divergence in this way for all homologous pairs of ancestral proteins and for all homologous pairs of de novo proteins in each of our 12 clades containing de novo gene pairs. Note that if the ancestral gene overlaps the de novo gene over its entire length, the relative divergence of the ancestral protein will be 1. This happens in case 6 (*umbravirus*).

2.  The "selective constraint" in the overlapping regions, estimated by the method of [@mss179-B92]. This method, developed specifically for overlapping genes, accounts for independent selection pressures acting simultaneously on two overlapping genes by extending the single-gene model of codon evolution ([@mss179-B41]) to estimate the nonsynonymous/synonymous rate ratio (*dN/dS*) for each gene (reading frame) separately. Like the relative divergence, we calculated the selective constraint for pairs of homologous sequences. Specifically, we calculated selective constraint for all ancestral genes and de novo genes in each of our 12 cases. To prevent artifacts from saturation of synonymous substitutions, we restricted the estimation of the selective constraint to pairs in which both ancestral and de novo proteins had less than 50% amino acid divergence (percentage of identity). Because the method is inaccurate at low divergences ([@mss179-B92]), we excluded sequence pairs with less than 1% amino acid divergence.

3.  The CSI of the overlapping regions relative to protein coding genes in the rest of the genome. CSI is based on the algorithm used to calculate the CAI ([@mss179-B97]), which is the most commonly used measure of codon usage bias. The CAI compares the codon usage of a gene with that of a reference set of highly expressed genes in a given genome to examine whether a protein-coding gene is subject to selection for high translation rate (and thus presumably highly expressed). Instead, in this study, we apply the CSI as a measure of the similarity between the codon usage of a gene and that of all other genes in the same genome. Therefore, we calculated the CSI of a given gene as described in [@mss179-B97] with the difference that the reference used was the codon usage of all other protein-coding genes in the same genome instead of the codon usage only of highly expressed genes. We performed this calculation for the overlapping regions of all 12 ancestral/de novo gene pairs. Note that unlike relative divergence and selective constraint, the CSI is calculated for single genes and not for pairs of homologous genes.

Supplementary Material
======================
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Click here for additional data file.
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